Karenitecin is a highly lipophilic camptothecin analogue with a lactone ring that is relatively resistant to inactivating hydrolysis under physiologic conditions. This phase I clinical trial was conducted to determine the maximum tolerated dose (MTD) of karenitecin in adults with recurrent malignant glioma (MG), to describe the effects of enzyme-inducing antiseizure drugs (EIASDs) on its pharmacokinetics, and to obtain preliminary evidence of activity. Karenitecin was administered intravenously over 60 min daily for 5 consecutive days every 3 weeks to adults with recurrent MG who had no more than one prior chemotherapy regimen. The continual reassessment method was used to escalate doses, beginning at 1.0 mg/ m 2 /day, in patients stratified by EIASD use. Treatment was continued until disease progression or treatmentrelated dose-limiting toxicity (DLT). Plasma pharmacokinetics was determined for the first daily dose of karenitecin. Thirty-two patients (median age, 52 years; median KPS score, 90) were accrued. Seventy-eight percent had glioblastoma, and 22% had anaplastic glioma. 
class of antitumor drugs during the last two decades. 2 Currently, topotecan and irinotecan are the only camptothecins approved for clinical use as anticancer drugs. Topotecan is indicated as second-line therapy against metastatic ovarian cancer and small-cell lung cancer and for the treatment of recurrent cervical carcinoma when combined with cisplatin. Irinotecan is approved as a first-line treatment for advanced colorectal cancer in combination with fluoropyrimidines and as a single agent following failure of 5-fluorouracil-based chemotherapy. Clinical trials have been performed to evaluate the activity of both agents against malignant gliomas (MGs). Although preliminary findings were suggestive of promising activity, 3 several phase II trials consistently demonstrated that single-agent irinotecan has minimal activity in newly diagnosed, recurrent, and progressive MGs in adult patients. [4] [5] [6] Topotecan has not shown substantial clinical activity against MGs, even when given as first-line treatment in combination with standard cranial radiotherapy, although it appears to penetrate the blood-brain barrier more easily than does irinotecan. [7] [8] [9] [10] [11] [12] Efforts to improve the pharmacologic properties of the first-generation camptothecins resulted in the identification of highly lipophilic derivatives that exhibit considerably greater stability of the biologically active form of the compound in human blood. 13 These have the potential to provide better tumor penetration and efficacy in patients with primary brain tumors.
14 Karenitecin ( Fig. 1 ) is a 7-alkylsilane derivative of camptothecin that was selected for clinical development from a series of rationally designed compounds based upon its spectrum of antitumor activity, potency, and other advantageous properties. 14 Intraperitoneal karenitecin has been shown to significantly inhibit the growth of human brain tumor xenografts, including cell lines derived from adult and pediatric high-grade gliomas, implanted either subcutaneously or intracranially in athymic mice. 15 These findings generated interest in undertaking a phase I trial to evaluate karenitecin in adults with recurrent MGs. The route of administration, schedule, and starting dose were determined from dose escalation trials in systemic cancers. 16 Although enzyme-inducing antiseizure drugs (EIASDs) have a striking effect on the pharmacokinetics of the approved camptothecins, no data existed on their impact on karenitecin.
This study was designed to determine the effect of EIASDs on the maximum tolerated dose (MTD), toxicity profile, and pharmacokinetic behavior of karenitecin. A secondary objective of the study was to obtain a preliminary assessment of the activity of single-agent karenitecin in recurrent gliomas.
Patients and Methods

Patient Selection
Adult patients (age >18 years) with histologically proven MG (anaplastic astrocytoma, anaplastic oligodendroglioma, glioblastoma multiforme) that was progressive or recurrent after radiation therapy were eligible for the study. Conditions required for entry into the study included (1) measurable disease by contrast-enhanced MRI or CT, (2) prior radiotherapy, (3) no more than two previous treatments, (4) KPS score >60, and (5) life expectancy .2 months. Minimum permitted time intervals from prior treatments were 3 months for radiation, 6 weeks for chloroethylnitrosoureas, and 3 weeks for all other chemotherapeutic agents. Full recovery from the effects of any earlier intervention was required. Eligibility also required demonstrating acceptable hematologic parameters (absolute neutrophil count >1,500/ml, platelet count >100,000/ml, hemoglobin >8 g/dl), renal function (serum creatinine <1.7 mg/dl), and hepatic function (total bilirubin <1.5 mg/dl, serum levels of aspartate and alanine aminotransferase <43 the upper limit of normal). Exclusion criteria included (1) a prior malignancy other than curatively treated basal cell carcinoma or cervical carcinoma in situ; (2) a serious concurrent infection, illness, or medical condition; (3) females who were pregnant or nursing; and (4) any other condition that would compromise treatment with reasonable safety or result in noncompliance with prescribed medical care. Agreement to practice adequate birth control methods was required for fertile patients. The protocol for this study was reviewed and approved by the Cancer Therapy and Evaluation Program of the National Cancer Institute (Bethesda, MD, USA) and the institutional review board of each participating institution. All patients signed a written informed consent document, satisfying all federal and institutional policies and regulations, as a condition of registering for participation in the study. 
Drug Administration and Dose Escalation
Patients were assigned to one of two treatment groups based on preexisting use of antiseizure drugs. Patients taking phenytoin, carbamazepine, phenobarbital, primidone, or oxcarbazepine were assigned to the 1EIASD group. Patients assigned to the -EIASD group were either not being treated with an antiseizure drug or taking one that does not significantly induce hepatic enzymes, such as gabapentin, lamotrigine, valproic acid, felbamate, levetiracetam, tiagabine, topiramate, and zonisamide. Inclusion in the -EIASD group also required discontinuation of any EIASDs for at least 10 days. Patients who required treatment with a corticosteroid, such as dexamethasone, had to be receiving the lowest clinically appropriate daily dose for at least 5 days before beginning the first cycle of therapy. Efforts were made to maintain the same dose until the radiographic tumor measurement was performed after completing the second cycle. 17 Karenitecin was supplied by BioNumerik Pharmaceuticals, Inc. (San Antonio, TX, USA) in amber glass vials containing at least 0.5 mg of karenitecin lactone as a 0.1 mg/ml pale yellow solution in a vehicle composed of N-methyl-2-pyrrolidinone, polyethylene glycol 300, polysorbate 80, ethyl alcohol, and citric acid. This was diluted with 25-100 parts by volume of 5% dextrose for injection, USP in a non-polyvinyl chloride infusion bag for administration. Stability of the final dosing solution was documented for up to 24 h at room temperature. The dosing solution was administered as a constant i.v. infusion over 60 min using a non-polyvinyl chloride administration set, once a day, for 5 consecutive days every 21 days in an outpatient setting. The use of ondansetron to control vomiting was permitted. The prophylactic use of hematopoietic growth factors was prohibited during any cycle of therapy. Treatment with any other approved or investigational chemotherapeutic agents was not permitted.
The starting dose for both treatment groups was 1.0 mg/m 2 /day. The dose was independently escalated in each group to estimate the MTD using the modified continual reassessment method, as previously described, with minor modifications. 18 Three patients were entered into each new dose level and monitored for treatment-related toxicities, as described below. Only toxicity associated with the first cycle was used for the dose-finding determination. After all patients completed the first cycle, all of the available toxicity data were used to develop and update a two-parameter logistic dose-response model. The next dose level to be evaluated was determined by using the model to calculate the dose associated with a dose-limiting toxicity (DLT) rate of 33%, with the maximum increment permitted being 50% of the previous dose level. The entire process was repeated until the recommended dose remained within 10% of the preceding dose for two consecutive iterations. This dose was considered to be the MTD.
Treatment with the same daily dose of karenitecin was repeated every 3 weeks for patients who did not experience a DLT, in the absence of tumor progression, if all eligibility requirements continued to be satisfied.
Retreatment in the event of a DLT during any course was permitted with a 25% dose reduction after all toxicities recovered to baseline values or grade 0 or 1. Further decreases in the dose, in this same manner, were allowed upon the occurrence of a DLT after treatment with a reduced dose. A maximum of three dose reductions were permitted before the patient was removed from the study. Patients were also removed from the study because of disease progression, circumstances for which continued treatment could be detrimental to the health of a patient, noncompliance, or upon the decision of a patient to discontinue treatment for any reason.
Patient Evaluations
Evaluations performed within 14 days of initiating therapy included a medical history, physical and neurologic examinations, Mini-Mental Status Exam, KPS determination, electrocardiogram, chest X-ray, vital signs, complete blood count with differential and platelet counts, blood coagulation parameters, serum chemistry profile, urinalysis, and pregnancy test for women of childbearing potential. After initiating treatment, a complete blood count with differentials and platelet count were performed weekly, or more often if significant myelosuppression was observed. A history and physical examination, KPS determination, complete blood count with differentials and platelet count, and serum electrolyte and creatinine assays were performed before beginning each cycle of therapy. In addition to these tests, a Mini-Mental Status Exam and serum chemistry profile were repeated before every odd-numbered cycle of therapy. Toxicities were evaluated during each monthly cycle and graded according to the National Cancer Institute's Common Toxicity Criteria, version 2.0 ( (http://ctep.cancer.gov/ forms/CTCv20_4-30-992.pdf). DLT was defined as any of the following treatment-related adverse events: (1) absolute neutrophil count <500/ml, (2) platelet count <25,000/ml, (3) febrile neutropenia, (4) any grade 3 or 4 nonhematologic toxicity with the exception of nausea and vomiting, and (5) a delay in starting a subsequent course of treatment for more than 14 days because of incomplete recovery from toxicity.
Response to therapy was determined by MRI or CT imaging and neurologic examinations. The use of CT was restricted to patients who were unable to undergo MRI for physical or medical reasons. Imaging studies to provide tumor measurements were performed within 14 days of beginning treatment (baseline) and after each second cycle of therapy until relapse. A confirmatory scan was obtained 1 month after the initial detection of a complete or partial response. Standard response criteria of the New Approaches to Brain Tumor Therapy CNS Consortium (NABTT) were used as described previously. 19 The pathology and MRI scans for all patients responding to therapy were to be centrally reviewed centrally reviewed.All patients were followed for survival. Survival time was calculated from start of treatment until death or the last follow-up. Survival was estimated by the method of Kaplan and Meier. Confidence intervals (CIs) were calculated using standard methods.
Analysis was performed using SAS, version 9.1.3 (SAS Institute, Inc., Cary, NC, USA).
Pharmacokinetic Studies
Sampling to characterize the plasma pharmacokinetics of karenitecin was performed during treatment with the first daily dose of the first cycle of therapy. Blood specimens (7 ml) were drawn from a peripheral vein in the arm contralateral to the site of drug administration and collected directly in tubes containing freeze-dried sodium heparin before dosing, coincident with the end of the 60 min infusion of karenitecin, and then at 1, 2, 4, 6, and 23 h after the end of the infusion. Sample tubes were mixed by inversion and placed on wet ice until centrifuged (1,000g, 10 min, 4°C) within 15 min. Plasma was transferred into a polypropylene cryovial and stored at -70°C until assayed.
The total concentration (i.e., lactone plus carboxylate forms) of karenitecin in plasma specimens was determined by reversed-phase high-performance liquid chromatography (HPLC) with fluorescence detection. The sample preparation procedure, chromatographic conditions, method of detection, and procedures for the validation of the assay were adapted from previously reported analytical methods for other camptothecin analogues that had been developed in our laboratories. [19] [20] [21] An analytical reference sample of karenitecin was provided by BioNumerik. The internal standard (IS), acetylkarenitecin, was synthesized by derivatizing karenitecin (0.13 mg) with acetic anhydride in pyridine containing a catalytic amount of 4-dimethylaminopyridine. 22, 23 Samples were prepared for chromatographic analysis by pipetting 100 ml plasma and 5 ml IS working solution (1 mg/ml in acetonitrile) into a polypropylene microcentrifuge tube and vortexing. Proteins were precipitated by adding acetonitrile (400 ml) to the tube and vortexing the mixture for 5 sec. After centrifugation (13,000g, 2 min), 400 ml of the supernatant was diluted with 100 ml 100 mM trifluoroacetic acid; 100 ml of the solution was loaded onto on a 15 cm 3 4.6 mm inner-diameter Luna Phenyl-Hexyl (5-mm particle size) HPLC column (Phenomenex, Torrance, CA, USA). Chromatography was performed at ambient temperature using acetonitrile/0.1 M ammonium acetate buffer (pH 5.0; 65:35, vol/vol) as the mobile phase at 1.0 ml/min. Elution of the drug and IS was monitored using an Agilent Technologies (Palo Alto, CA, USA) 1100 series fluorescence detector with a xenon flash lamp and an 8-ml flow cell (operating parameters: lamp flash frequency, 74 Hz; excitation wavelength, 372 nm; emission wavelength, 435 nm; photomultiplier tube gain, 10; response time, 2.0 s). Chromatograms were integrated to provide peak areas.
Each study sample was independently assayed in duplicate, on different days, together with a set of eight calibration standards of the drug in human plasma at concentrations ranging from 1 to 100 ng/ml and three quality control samples (3, 45, 90 ng/ml). The relationship between the drug-to-IS peak area ratio and known concentration of the calibration standards was analyzed by linear regression, with weighting in proportion to the reciprocal of the drug concentration normalized to the number of standards. Values of the slope and y-intercept for the best-fit line of the standard curve were used to calculate the drug concentration in study samples. Specimens with an estimated drug concentration exceeding the upper range of the standard curve were reassayed upon dilution with drug-free human donor plasma. The average of the two determinations of each study sample was calculated. Samples were reassayed in cases where the individual determinations differed from their average by more than 10%.
Plasma concentration-time curves for each patient were analyzed by standard noncompartmental methods using WinNonlin Professional, version 4.0.1 (Pharsight Corp., Cary, NC, USA). Area under the plasma concentration-time curve from time 0 to infinity was estimated using the log-linear trapezoidal algorithm to the last data point, with extrapolation to infinity using the slope of the terminal log-linear disposition phase. Pharmacokinetic parameters estimated by the program included the total body clearance (CL), half-life of the terminal disposition phase (t 1/2,z ), and the apparent volume of distribution at steady state (V ss ). Mean values of the pharmacokinetic variables were calculated as the geometric mean of the individual patient values and reported with the standard deviation estimated by the jackknife technique. [24] [25] [26] Linear regression was used to assess dose-dependent trends in pharmacokinetic parameters. Parametric statistical tests were used to compare mean pharmacokinetic variables between the two treatment groups after logarithmic transformation of the data. All tests were two-sided, and p ,0.05 was the criterion for significance.
Results
Patient Characteristics
A total of 32 patients with recurrent high-grade gliomas were enrolled in this clinical trial from April 2002 to July 2004. Two patients enrolled in the 1EIASD group became inevaluable for toxicity assessments during the first cycle of therapy and were replaced. One patient experienced toxicity attributable to phenytoin, and the other refused to complete the initial week of treatment. Characteristics of the 30 evaluable patients are summarized in Table 1 . Twenty-seven of the patients had undergone surgical resection of the tumor, and all 30 completed radiation therapy. Three patients had no prior chemotherapy, and 25 patients had one prior regimen of chemotherapy. Fifty-eight percent of the 12 patients in the -EIASD arm were not taking an anticonvulsant. Phenytoin was used by 72% of the 18 patients in the 1EIASD arm. A stable daily dose of dexamethasone was being given to 40% of the patients in the -EIASD arm and 72% of the patients in the 1EIASD treatment arm.
Dose Escalation and Toxicities
The dose levels evaluated in both treatment arms and the toxicities experienced by patients during the first cycle of therapy are listed in Table 2 . Five dose levels ranging from 1.0 to 2.1 mg/m 2 were evaluated in the 1EIASD arm. In the -EIASD group, daily doses of 1.0, 1.5, and 1.8 mg/m 2 were evaluated. Myelosuppression presenting as reversible neutropenia and thrombocytopenia were the major severe toxicities observed. Grade 3-4 neutropenia occurred in 23% of patients, and thrombocytopenia in 13%. The MTD was determined to be 1.5 mg/m 2 in the -EIASD patients and 2.0 mg/m 2 in the 1EIASD group.
Response and Survival
No complete or partial responses were observed, even though 11 patients (seven with glioblastoma multiforme, three with anaplastic astrocytoma, and one with a mixed high grade) were treated at or above the MTD. Thirtyone of the 32 (97%) patients enrolled have died. Patients did not remain on karenitecin long, because 23 of 32 patients were withdrawn at the time of their first MRI (6 weeks), and 30 of 32 by their second MRI (12 weeks). One patient, who survived after 53 months of follow-up, discontinued treatment during the first cycle because of toxicity. Median survival time after entering this study was 6.0 (95% CI, 3.9-9.7) months.
Pharmacokinetics
The analytical method was thoroughly validated according to current recommendations. 27 Peaks that interfered with detection of the drug or IS were not evident in chromatograms of drug-free plasma from anonymous donors and plasma samples obtained shortly before beginning the karenitecin infusion to patients participating in this clinical trial. Calibration curves exhibited excellent linearity with correlation coefficients ranging from 0.998 to 1.000. During application to this study, interday accuracy and precision of the assay were assessed by analyzing the interpolated drug concentrations from 11 independently prepared standard curves and sets of quality control samples that were run over a period of 14 months. The lowest concentration of karenitecin included in the standard curve, 1.0 ng/ml, was measured with an accuracy of 112.1% and a precision of 3.9%. Quality control samples of karenitecin in human plasma at concentrations of 3.0, 45.6, and 91.2 ng/ml were assayed with an accuracy ranging from 100.1% to 109.5% of the known concentrations and the precision, calculated as the coefficient of variation, was 4.6%-10.3%.
Pharmacokinetic data for the first daily dose of karenitecin were obtained from all 12 patients in the -EIASD group and 16 patients in the 1EIASD group. Mean plasma concentration-time profiles of karenitecin for the cohort of patients evaluated in the 1.5 mg/m 2 dose level of both treatment groups are shown in Fig. 2 . Linear regression analyses revealed that the CL, V ss , and t 1/2,z values for karenitecin in individual patients were independent of the administered dose, for both treatment groups, indicative of linear pharmacokinetic behavior across the range of doses evaluated in this study. Mean pharmacokinetic parameters for karenitecin at each dose level and for the entire cohort of patients evaluated in the two treatment arms are presented in Table 3 . For the entire group of 12 patients who were not receiving EIASDs, karenitecin exhibited a mean CL of 10.2 6 3.5 liters/h/m 2 , a V ss of 136 6 41 liters/m 2 , and a mean t 1/2,z of 13.2 6 4.1 h. As depicted in Fig. 3 , the concurrent administration of EIASDs was associated with a 56% increase in the mean CL (p 5 0.019) and a 70% increase in the mean V ss (p , 0.001), although the mean t 1/2,z of the drug was not significantly different between the two groups. The magnitude of the influence of EIASDs on The patient was also receiving phenytoin.
the pharmacokinetic behavior of karenitecin is evident in the mean plasma profiles shown in Fig. 2 .
Discussion
The camptothecins continue to be studied in clinical trials in patients with newly diagnosed and recurrent highgrade gliomas. 3 The anticancer activity of the camptothecins is dependent upon the intrinsic chemical reactivity of an a-hydroxy--lactone ring that is susceptible to reversible hydrolysis, resulting in biologically inactive agent. 2 Whereas topotecan is intrinsically cytotoxic, irinotecan is a prodrug that is inefficiently converted by human carboxylesterases, predominantly in the liver, to the biologically active compound 7-ethyl-10-hydroxycamptothecin (SN-38) . 28 The percentage of these compounds present in the active lactone form at equilibrium in human whole blood in vitro is only 12% for topotecan, 21% for irinotecan, and 20% for SN-38. 29 Investigations undertaken to improve the pharmacologic properties of the first generation of clinically approved camptothecins revealed that the lactonecarboxylate equilibrium position can be shifted in favor of the active lactone form in human blood by the presence of a lipophilic functional group on the quinoline subunit, specifically, at the 7-position of the camptothecin ring system. 13 In addition to greater lactone stability in blood, highly lipophilic camptothecin analogues may exhibit further enhanced therapeutic effectiveness by better tissue penetration and oral bioavailability compared with the water-soluble camptothecins.
14 Karenitecin is a highly lipophilic, 7-alkylsilane derivative of camptothecin that exists almost entirely as the active lactone form in plasma, and it exhibits good oral bioavailability. 14, 30 Furthermore, karenitecin does not require metabolic activation, and it is not a substrate of UDP glucuronosyltransferase or the various ATP-binding cassette membrane transport proteins associated with drug resistance in cancer cells.
Several clinical trials have been performed with karenitecin given as a daily 1-h i.v. infusion for 5 consecutive days, with additional cycles of therapy repeated every 21 days. The MTD was found to be 1.0 mg/m 2 / day in a phase I trial involving patients with advanced solid malignancies. 16 Reversible neutropenia and thrombocytopenia were the DLTs observed, and gastrointes- , and (C) terminal-phase half-life (t 1/2,z ). Circles represent the observed values in individual patients, and horizontal bars depict the geometric mean value for each group. Statistical comparison of the log-transformed data between the treatment groups was performed using a two-tailed t-test, assuming unequal variances. 
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tinal toxicities were minimal. Phase II trials employing this same dose regimen were undertaken to assess the activity of karenitecin as second-line therapy in patients with relapsed or refractory non-small-cell lung cancer and heavily pretreated patients with malignant melanoma. 31, 32 Disease stabilization was the primary indication of clinical benefit in both studies. Objective responses occurred in only 2 of 52 patients with nonsmall-cell lung cancer (partial responses) and in none of the 43 melanoma patients evaluated.
The study reported here was designed to determine the MTD of karenitecin, to evaluate the influence of concurrent EIASD administration on its pharmacokinetics, and to estimate the activity in patients with recurrent highgrade gliomas who had minimal prior chemotherapy. All three of these goals were achieved upon enrolling 32 patients into this dose escalation trial that employed the modified continual reassessment method to minimize patient numbers. The MTD in -EIASD patients was noted to be 1.5 mg/m 2 rather than 1.0 mg/m 2 as noted in other solid tumors, for reasons that are not understood. As noted with other camptothecin analogues, karenitecin CL was significantly enhanced by EIASDs. Consistent with the 29% higher karenitecin CL in the 1EIASD patients, the MTD was greater for patients who were taking EIASDs (2.0 mg/m 2 ) compared with those who were not (1.5 mg/m 2 ). Even though the effect of EIASDs on the MTD of this agent is significant, it is far less striking than with irinotecan, for which the MTD is nearly 400% higher when EIASDs are given concomitantly. 19 Clinical trials exploring the efficacy of other camptothecins in patients with high-grade gliomas have been disappointing. [4] [5] [6] Response rates have ranged from 5% to 15% in most studies, and the toxicities, which include myelosuppression and life-threatening diarrhea, can be substantial. It was hoped that this novel, lipid-soluble camptothecin analogue would provide a more acceptable side effect profile and higher response rates in this patient population. The observed toxicities were modest and reversible. However, no responses were noted in 11 patients treated at or above the MTD who had previously received only one or fewer prior chemotherapy regimens. If encouraging efficacy data are defined as a 30% response rate in minimally pretreated recurrent disease, then with 0 out of 11 responses, the probability of achieving a 30% response rate is less than 2%. Using an exact binomial CI, we are 95% confident that the true response rate is not higher than 24%. As a result, it appears that karenitecin administered on this schedule is unlikely to contribute to the treatment of patients with recurrent MGs.
